Glaciers in the tropical Andes have been retreating for the past several decades, leading to a temporary increase in dry season water supply downstream. Projected future glacier shrinkage, however, will lead to a long-term reduction in dry season river discharge from glacierized catchments. This glacier retreat is closely related to the observed increase in high-elevation, surface air temperature in the region. Future projections using a simple freezing level height-equilibrium-line altitude scaling approach suggest that glaciers in the inner tropics, such as Antizana in Ecuador, may be most vulnerable to future warming while glaciers in the more arid outer tropics, such as Zongo in Bolivia, may persist, albeit in a smaller size, throughout the 21st century regardless of emission scenario. Nonetheless many uncertainties persist, most notably problems with accurate snowfall measurements in the glacier accumulation zone, uncertainties in establishing accurate thickness measurements on glaciers, unknown future changes associated with local-scale circulation and cloud cover affecting glacier energy balance, the role of aerosols and in particular black carbon deposition on Andean glaciers, and the role of groundwater and aquifers interacting with glacier meltwater.
Introduction
Glaciers in the tropical Andes have been retreating rapidly during the past decades, thereby temporarily increasing water supply in dry regions downstream. Yet this increase is not sustainable, as glaciers continue to shrink. Hence glacier retreat poses a significant challenge for adaptation of a variety of natural and human systems throughout the region. Almost all (> 99%, Kaser, 1999) of the remaining glaciers in the tropics are located in the Andes; hence the situation in this region is of particular relevance. Glaciers are also very helpful visual indicators of our rapidly changing environment and can serve as sentinels of rapid climate change. This is especially the case for tropical glaciers, which are considered highly sensitive to changes in climate (Kaser and Osmaston, 2002) .
Glacier retreat in the tropical Andes is of particular concern for a variety of reasons. First, unlike mid-and high-latitude mountain regions, there is no seasonal snow cover outside the glacierized areas, which could provide for an additional buffer and contribution to seasonal river discharge. Because of the high solar radiation all year long, snow falling outside of glacierized areas melts within a matter of a few days (Lejeune et al., 2007; Wagnon et al., 2009) . While this snowmelt may contribute to immediate river discharge or potentially to groundwater recharge, it prevents the build-up of a seasonal snowpack that can provide water at the beginning of the dry season. Secondly, the southern tropical Andes (central and southern Peru and Bolivia) experience a long and sustained dry season that lasts between five and six months from April until September (Garreaud et al., 2003) . During this period rainfall is virtually absent and the glacier meltwater contribution is fundamentally important for socioeconomic activities and environmental services, especially those that take place in close proximity to the glacierized catchments (Barnett et al., 2005; Bradley et al., 2006; Kaser et al., 2010) . This is why glacier retreat is much more of a concern in the semiarid southern tropical Andes, at least from a water supply perspective.
The northern tropical Andes (Colombia, Venezuela and Ecuador) experience a much more humid climate with shorter dry periods and some rainfall throughout the year. In addition, glaciers are generally smaller in this region, and wetland ecosystems called páramos, can provide for additional water storage, as their soils have a very high water retention capacity (Buytaert et al., 2006 . Nonetheless, even in Ecuador glacier melt can temporarily provide for a significant base flow that can become relevant during extreme drought periods .
The spatial extent and pace of Andean glacier retreat have been documented in numerous studies, including two fairly recent in-depth reviews (Vuille et al., 2008a; Rabatel et al., 2013) . Similarly, the largescale drivers of this retreat, such as increasing temperature (Vuille and Bradley, 2000; Bradley et al., 2009; Schauwecker et al., 2014; Vuille et al., 2015) or potential changes in the spatiotemporal characteristics of snowfall (Vuille and Ammann, 1997; Mernild et al., 2016; Saavedra et al., 2016) , thereby altering the glacier's energy and mass balance, have been widely studied and discussed. Hence the goal of this paper is not to provide yet another detailed review of these observed changes, but rather to look ahead as to what impacts the region will face over the coming decades as glaciers continue to retreat and some eventually disappear.
While much emphasis in recent years has been put on better understanding the supply side of water resources through glacio-hydrologic modeling under a variety of future scenarios, there is an increasing recognition that much of the future water scarcity and struggles over allocation and access to clean water may be driven primarily by the demand side . Indeed in wide regions of the tropical Andes water scarcity will increase regardless of climate change scenario, speed and magnitude of glacier retreat (Buytaert and de Bievre, 2012) . It is therefore indispensable to include socioeconomic, cultural, legal and political aspects of water use and regulations at all stages of future socio-hydrologic modeling attempts (e.g. Carey et al., 2014) . In addition glacier retreat increases the potential for natural hazards, affects ecosystem composition in rivers downstream and may impact economic sectors such as tourism or mining. Social values, local perceptions and cultural beliefs are also closely intertwined with water use and the existence of glaciers in the region. The major aim of this review is thus to identify how glacier retreat affects Andean natural and human systems today and to identify major gaps and roadblocks for current adaptation efforts. A special emphasis will be put on the challenges that loom going forward, as Andean nations start implementing adaption measures to address these impacts, in the light of large uncertainties associated with future climate projections. Thereby we hope to contribute to the discussion surrounding the major challenges but also potential opportunities for climate change adaptation in the region today.
Current state of glaciers and climate change in the tropical Andes
Two recent comprehensive reviews on the current state of Andean glaciers and their response to climate change were published by Vuille et al. (2008a) and Rabatel et al. (2013) . Both studies picture a situation characterized by a rapidly shrinking surface area, length and volume of glaciers due to an almost continuously negative mass balance, particularly since the late 1970s. Superimposed on the negative trends are variations on interannual and decadal time scales, that primarily reflect the state of tropical Pacific sea surface temperatures (SST), with often (but not always) significant mass loss during warm episodes associated with El Niño events, while cold phases (La Niña) tend to lead to less negative or in some cases even balanced or slightly positive mass balance (e.g., Francou et al., 2003 Francou et al., , 2004 Vuille et al., 2008b; Favier et al., 2004; Lopez-Moreno et al., 2014; Veettil et al., 2014) . Wagnon et al. (2001) and more recently Maussion et al. (2015) examined the role played by the El Niño -Southern Oscillation (ENSO) phenomenon in more detail and quantified the various energy fluxes that contribute to ENSO-related mass balance anomalies on glaciers in the Cordillera Real, Bolivia, and Cordillera Blanca, Peru (see Fig. 1 ), respectively. They confirmed that the influence of El Niño is transmitted primarily through reduced and delayed snow accumulation and increased air temperature, causing an elevated rain-snow line, lowered albedo and therefore increased absorption of short-wave radiation. The higher temperature also leads to an increased sensible heat flux, while the precipitation deficit during most El Niño events contributes directly to a more negative mass balance (reduced snow accumulation and albedo effect (Wagnon et al., 2001; Sicart et al., 2011) ).
While ENSO events lead to significant interannual variability of Andean glaciers' energy and mass balance, the long-term negative trend cannot be pinned on tropical Pacific SST's . In fact paleoclimatic studies show that throughout the Andes, glaciers have been retreating for a long period of time. They reached a relative maximum extent sometime during the Little Ice Age (LIA) between the middle of the 17th and the beginning of the 18th century, likely associated with cooler and wetter conditions. The exact timing of this advance however, varies somewhat depending on the mountain range considered (Rabatel et al., 2006 (Rabatel et al., , 2008 Solomina et al., 2007; Jomelli et al., 2009) . But in most locations glaciers have been receding ever since, except for a few intermittent periods of glacier stabilization or even mass gain, such as occurred for example in the mid 1960s to early 1970s in the Cordillera Real. According to Rabatel et al. (2013) , the retreat has accelerated over the past three decades, with an average mass loss in the tropical Andes estimated at −0.76 m water equivalent (w.e.) over the period 1976-2010. This suggests that glaciers in the tropical Andes are characterized by a more negative mass balance than the average glacier monitored in the rest of the world (see Fig. 7 in Rabatel et al., 2013) . Glaciers located entirely below 5400 m above sea level (a.s.l.) are generally small (< 1 km 2 ) compared to high-altitude glaciers and experience an even more negative mass balance and more rapid decline. Indeed these glaciers in their majority appear to be very unbalanced (negative mass balance of − 1.2 m w.e. over the past 3 decades, compared to − 0.6 m w.e. for glaciers that extend above 5400 m a.s.l.), with many of them likely to disappear in the coming decades (Rabatel et al., 2013) . It is noteworthy that these glaciers represent the majority of all glaciers in the tropical Andes (e.g. 80% in the Bolivian Cordillera Real in 1975), corresponding to half of the glacierized surface area (Soruco et al., 2009 ). Overall the current rate of glacier loss appears to be unprecedented for the period over which reasonably accurate reconstructions exist (since the early 18th century).
Since the publication of Rabatel et al. (2013) a few new studies focusing on specific mountain ranges have been published, which all essentially confirm the results described above. Braun and Bezada (2013) for example have documented in great detail the rapid shrinkage and looming disappearance of tropical glaciers from the Andes in Venezuela. Hanshaw and Bookhagen (2014) and Lopez-Moreno et al. (2014) , based on a long series of satellite images, highlighted the rapid shrinkage of glaciers in the Cordillera Vilcanota and Huaytapallana, respectively. Both studies identified significant and fast glacier retreat with a > 50% surface area loss in the Cordillera Huaytapallana between 1984 and 2011 and a roughly 25% area loss in the Cordillera Vilcanota between 1962 and 2009. These observed changes in glacier extent in the tropical Andes are consistent with observations of temperature and precipitation changes in the Andes during this same time period. A number of studies have presented evidence for a rapidly changing climate in the tropical Andes. Vuille and Bradley (2000) first documented a clear warming trend over the Andes in the 20th century (based on a large number of in-situ station data), covering the tropical Andes from Ecuador to northern Chile. They also identified, for the first time, that the observed warming appeared to be dependent on elevation and slope. Follow-up studies by Vuille et al. (2003 Vuille et al. ( , 2008a documented a warming of roughly 0.1°C per decade since the 1950s, when averaged over the entire tropical Andes south of the equator. These results are consistent with more regional temperature trend analyses performed later by Racoviteanu et al. (2008) , Poveda and Pineda (2009 ), Bradley et al. (2009 ), Gilbert et al. (2010 ), Lavado Casimiro et al. (2013 , Salzmann et al. (2013) , Seiler et al. (2013a) and Lopez-Moreno et al. (2014 , 2016 in various locations of the Andes. More recently Schauwecker et al. (2014) and Vuille et al. (2015) analyzed the apparent slowdown of the warming, which may have been linked with the cooling observed over the eastern tropical Pacific and the cool phase of the Pacific Decadal Oscillation (PDO) since the early 2000s. According to these studies, however, the Pacific cooling affected primarily low-level coastal locations along the Pacific shore, while the highest elevations in the tropical Andes have continued to warm during this 'hiatus' period. In fact, as documented by Vuille et al. (2015) , the warming at higher elevation in the tropical Andes now appears to have emerged outside the range of natural variability, effectively decoupling Andean temperature from the SST forcing in the Pacific, which in previous decades served as a strong predictor for cold or warm periods in the Andes.
Precipitation trends on the other hand are much more subtle and difficult to identify, partly due to the paucity of long, high-quality observational records and partly due to the strong modulation of precipitation by topography, introducing significant east-west gradients between the arid Pacific coast and the humid Amazon basin, thereby rendering precipitation trends inherently more heterogeneous. Vuille et al. (2003) initially suggested a tendency toward slightly increased precipitation in the inner tropics (north of 11°S) and a decrease in the outer tropical Andes further south, although they emphasized that trends at individual stations were mostly insignificant. These results were later confirmed in a follow-up study by Haylock et al. (2006) , identifying the same north-south contrast in precipitation trends. More recently Salzmann et al. (2013) and Lavado Casimiro et al. (2013) analyzed rainfall trends in the southern Peruvian Andes with newer and denser data sets and were unable to find significant trends over the past 40 years. Instead most of the variability in the data appears to be associated with interannual variability driven by the ENSO phenomenon (Rau et al., 2016) .
In summary all these studies strongly link the observed glacier retreat to an increase in temperatureas the diverging and mostly insignificant trends in precipitation seem inconsistent with the coherent and strong glacier retreat observed throughout the tropical Andes region. We wish to stress, however, that estimating snowfall totals in the accumulation zone of Andean glaciers is associated with large uncertainties (see Section 4.1) and that past changes in snow accumulation in the highest reaches of the tropical Andes are virtually unknown, except for a few point-estimates based on ice-core studies (see review in Vimeux et al., 2009 ). In addition, tropical glacier energy balance of course strongly depends on the seasonal distribution of precipitation. This distribution can change without being reflected in annual snowfall totals and may also affect seasonal temperature trends, for example through a delay of the wet season and reduced cloud cover.
3. Challenges for future projectionswhere are we headed?
Climate projections
Studies invoking future temperature projections in the Andes are quite limited and have focused primarily on free-tropospheric temperature. Bradley et al. (2004 Bradley et al. ( , 2006 were the first to consider future changes in free-tropospheric temperature along the Andes Cordillera by employing a multi-model ensemble from the Coupled Model Intercomparison Project Phase 2+ (CMIP2 +) and 3 (CMIP3) under a 2 × CO 2 and the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES) A2 scenario, respectively. According to their results, by the end of the 21st century the peak elevations of the tropical Andes might warm by up to 4°-5°C when compared to the base period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) under a high emission scenario. The authors in these studies also pointed out that the models consistently simulated an amplified warming at higher elevations, although they did not diagnose or quantify the feedbacks involved in this elevation-dependent warming. Urrutia and Vuille (2009) subsequently employed a regional climate model to simulate both near-surface and free-tropospheric temperature change by the end of the 21st century, compared to the 1961-90 average, based on the SRES B2 and A2 scenarios. Their results also indicated that the warming would be amplified at higher elevations going forward, reaching up to 5-6°C at the highest elevations in the A2 scenario and about half that amount in the lower emissions scenario B2. Urrutia and Vuille (2009) further pointed out that not only will temperature increase, but the interannual variability will also be considerably enhanced, especially in the A2 scenario, leading to a higher probability of extremely warm years. Their study, however, was based on only one climate model, which, as shown by Buytaert et al. (2010) , can lead to large uncertainties in the interpretation, as ideally an ensemble of regional climate models should be used for such numerical downscaling applications. Thibeault et al. (2010) took a different approach by focusing on future projections of temperature extremes, such as heat waves, warm nights or frost days on the Bolivian Altiplano as simulated by an ensemble of CMIP3 models in the SRES B1, A1B and A2 scenarios. According to their results, frost days are projected to decrease by 2-4 standard deviations in all scenarios by the end of the 21st century when compared to the reference year 2000, while warm nights and heat waves will become more frequent by 3-7 standard deviations (warm nights) and 1-4 standard deviations (heat waves) respectively, by the year 2100. More recently Seiler et al. (2013b) analyzed both CMIP3 and CMIP5 models over Bolivia to estimate future temperature changes under a range of emission scenarios. According to their results, temperature in Bolivia will increase anywhere from 2.5°C to 6°C by the end of the century compared to the 1961-90 period, depending on model and emission scenario considered.
Here we use seven CMIP5 models (HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR and NorESM1-ME, see Table 1 ) to analyze how surface temperature might evolve throughout the 21st century in the tropical Andes. We calculate anomalies with respect to the 1961-1990 reference period and analyze results from a moderate (Representative Concentration Pathway, RCP 4.5) and a high-emission (RCP 8.5) scenario to probe future outcomes. In order to compare future projections with past temperature trends we average the model data over a box (2°N-18°S/65°-82°W, see Fig. 1 ) that approximates the station coverage used for the recent Andean temperature re-assessment in Vuille et al. (2015) and we also analyze temperature trends in historical CMIP5 simulations of the same seven models since 1950. For each simulation we select one ensemble member per model.
Results of our analyses are shown in Fig. 2 . They suggest that temperature in the tropical Andes might continue to increase by 1°-5°C
(mean values of 2°-3.5°C) beyond the 1961-90 values. This warming is less than what was reported previously in some of the studies discussed above, but it should be kept in mind that these are surface and not freetropospheric trends and that they represent a large-scale average over a model topography that is significantly lower than reality. Hence surface warming is likely to be larger than these values reported here at high elevations where glaciers are located (see Vuille et al., 2015) . Temperature trends associated with rising freezing levels and implications for the rise of the equilibrium-line altitude (ELA) of tropical Andean glaciers are analyzed separately in Section 3.2. It is noteworthy that the trend in the simulated warming over the historical period is consistent with the observed warming by Vuille et al. (2015) . But of course averaging over multiple models tends to reduce the interannual variability when compared with the observational record, as interannual signals related to internal variability (e.g. ENSO) are not in phase between models.
Several studies have tried to constrain future precipitation , green, 1950 -2010 ), historical CMIP5 (gray, 1950 , and future CMIP5 scenarios (RCP 4.5 in light blue and RCP 8.5 in red, 2006-2100) . CMIP5 data averaged over box 2°N-18°S, 65-82°W to match distribution of station data in Vuille et al. (2015) . Shading indicates ± 1.64 std. dev. (5-95% range across models). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) projections for the Andes, using a variety of different approaches. Most recently Neukom et al. (2015) were able to show that precipitation during the austral summer wet season (DJF) might drop below the range of natural variability in the central Andes of Bolivia and southern Peru within a matter of a few decades. Their analysis was based on a combination of proxy evidence from tree rings and ice cores since the year 1000 CE with historical model runs and future Coupled Model Intercomparison Project Phase 5 (CMIP5)-based projections out to the year 2100 CE. These results are consistent with earlier findings by Urrutia and Vuille (2009) , Minvielle and Garreaud (2011) and Thibeault et al. (2010 Thibeault et al. ( , 2012 who used dynamical and statistical downscaling techniques, respectively, to determine future changes in precipitation, based on the older IPCC-SRES scenarios. While these projections of a roughly 10-30% decrease in precipitation by the end of the century appear to be quite robust, given that they have been reproduced by multiple studies employing different methodologies, the uncertainty regarding future precipitation changes is much larger in the more humid inner tropics. Buytaert et al. (2010) and more recently Zulkafli et al. (2016) , for example, showed that in the Andes of Ecuador, models have difficulties in even agreeing on the sign of future changes in precipitation. Nevertheless, some studies suggest that the moisture flux from the Amazon basin to the Andes may weaken under a future warming-scenario (e.g. Marengo and Espinoza, 2016) .
Glaciologic projections
For longer-term projections of future watershed hydrology a quantitative prediction as to how the glacier area and volume will change over time is essential (e.g. Frans et al., 2015) . Ideally this requires a realistic simulation of dynamic glacier flow, which is still a challenge in hydro-glaciologic modeling. In addition the coupling between largescale climatic information, derived from historical simulations or future projections of climate change, and glaciologic and hydrologic models requires downscaling of the climate information to the catchment scale to bridge this scale mismatch. Some studies have circumvented this problem by general approximations of temperature focusing on the close coupling between the ELA of tropical glaciers and the 0°C isotherm (the freezing level) (Condom et al., 2007; Rabatel et al., 2012; Sagredo et al., 2014) , while others have exploited the relationship between freezing level height (FLH) and glacier extent . As shown in Fig. 3 , there is indeed a close relationship between FLH and glacier ELA in the tropical Andes on interannual time scales, consistent with previous reports (Vuille et al., 2008a; Bradley et al., 2009; Rabatel et al., 2013) . In our analysis we focus on glaciers Antizana (0°29′S, 78°09′W, 4780-5760 m, Ecuador), Artesonraju (8°57′S, 77°27′W, 4685-5979 m, Peru) and Zongo (16°15′S, 68°10′W, 4900-6000 m, Bolivia), which have the longest mass balance time series available, and which allow us to probe a set of glaciers representative of inner and outer tropical sites (Fig. 1) . The ELA data are based on measurements first published (and subsequently updated) in Rabatel et al. (2012) , Loarte et al. (2015) and Basantes-Serrano et al. (2016) .
Both ELA and FLH values were calculated based on averages over the hydrologic year. The Antizana mass balance value from 2003 was omitted from the analyses, as it was a large outlier, inconsistent with the relationship shown in Fig. 3 . Indeed glacier mass balance estimates on Antizana are known to suffer from significant uncertainties due to difficulties in obtaining accurate measurements from the accumulation zone (Basantes-Serrano et al., 2016) . Schauwecker et al. (2014) have shown that significant differences exist between reanalysis products, when assessing free tropospheric temperature trends over the Andes, with NCEP/NCAR showing stronger warming at mid-tropospheric levels than ERA-Interim. Here we therefore probe these same two products in assessing trends in FLH and its relationships with the ELA in different mountain regions. The FLH was calculated by linearly interpolating temperature and geopotential height between 500 and 600 hPa and then extracting geopotential height at the interpolated level where temperature equals 0°C. This was done separately for both reanalysis products and each location (grid cell covering glacier site). Fig. 3 shows that the ELA is significantly correlated (p < 0.05) with FLH at all sites. Depending on reanalysis product, changes in FLH explain between roughly half and two thirds of the total variance in the ELA on Zongo, Artesonraju and Antizana, respectively. The slope of the relationship tends to be steeper in the inner tropics (Antizana) and become flatter toward the outer tropics (Zongo), consistent with the tendency of inner tropical glaciers to be more sensitive to direct temperature variations, while outer tropical glaciers, where the ELA is several hundred meters above the FLH, tend to be more strongly tied to changes in hydrologic variables . ERA slopes are steeper than those derived from NCEP/NCAR, but all slopes are significantly different from zero (F-test, p < 0.05).
We next employed the relationships examined above to probe future changes in the ELA at these three glacier locations. We first calculated the FLH over the glacier sites based on geopotential height and temperature at 500 hPa and 600 hPa using one ensemble member each from eight different CMIP5 models (BCC-CSM1.1(m), BNU-ESM, CanESM2, CCSM4, CESM1(BGC), CSIRO-Mk3.6.0, FIO-ESM and HadGEM2-AO, see Table 1 ). We applied this methodology to CMIP5 historical simulations , a medium-and a high-emission scenario (RCP4.5 and RCP 8.5, 2006-2100). Next future changes in the ELA were calculated based on the simulated FLH in the eight models and applying both reanalysis-scaling methods, resulting in a total of 16 ELA trajectories for each scenario and glacier. Fig. 4 shows the resulting future mean ELA trajectory and the 5-95% confidence intervals under both emission pathways as well as for the historical simulations. We also include the observed ELA reconstructions from Rabatel et al. It is noteworthy that ERA-Interim and NCEP/NCAR show very similar trends in FLH (and hence ELA calculations) over the historical period and that the spread in the future model trajectories of the ELA is not caused by differences between ERA and NCEP scaling methods, but by CMIP5 intra-model differences (not shown). This may seem in contradiction to results by Schauwecker et al. (2014) , which showed little warming at 500 hPa in the ERA reanalysis when compared to NCEP/ NCAR. However, changes in FLH depend on changes in geopotential height as well; a variable, which indeed shows a significant upward trend at 500 hPa in the ERA data over the Andes. In other words, while temperature at the 500 hPa level may not have increased much, this temperature is being measured at an increasingly higher elevation, reflecting the overall warming of the tropical mid-troposphere. Hence interpreting temperature trends at fixed pressure levels can be misleading and should ideally be converted to absolute elevations above sea level.
The results in Fig. 4 suggest that the future rise of the ELA, as a result of an increase in FLH, will affect inner tropical sites such as Antizana the most. Based on our results Antizana glacier will likely be lost under a high emission scenario while a smaller glacier may be able to persist at the highest elevations under the RCP4.5 scenario. These results are consistent with the notion that inner tropical glaciers are more sensitive to changes in temperature, while outer tropical glaciers, such as Zongo, where the ELA is several hundred meters above the FLH, may be more strongly affected by future changes in the hydrologic cycle. Indeed our projections of the ELA rise suggest that both Zongo and Artesonraju glaciers may persist as smaller glaciers toward the end of the 21st century, with the ELA located between~5200 m a.s.l. (RCP4.5) and~5600 m a.s.l. (RCP8.5) on Artesonraju and betweeñ 5400 m a.s.l. (RCP4.5) and~5700 m a.s.l. (RCP8.5) on Zongo, respectively.
Our analysis is exploratory in nature and we are fully aware that it includes a number of assumptions, uncertainties and simplifications. As shown above, changes in FLH, while fundamentally important, do not explain all the variance in the ELA data. Many other factors also play a role, but were ignored in our analysis. For one, mass balance, and hence the ELA, is also a strong function of accumulation (snowfall). Our analysis implicitly assumes that the role played by snowfall will not change going forward, which may not be the case if seasonality or total snowfall amounts change. Future glacier retreat and hence ELA changes will also depend on the strength of local ice-albedo feedbacks, elevation feedbacks (glacier thinning will expose the glacier surface to higher temperatures at lower elevations regardless of future warming) and edge effects will enhance warm air advection. Given that projections suggest a decrease in future precipitation, at least in the outer tropics (Minvielle and Garreaud, 2011; Neukom et al., 2015) and the fact that all these positive feedbacks were ignored, our estimates likely err on the conservative side.
Regardless of these uncertainties, we consider this analysis a useful first step, as it allows for a fairly straightforward large-scale assessment of the future fate of glaciers in the region. More detailed analyses, which take into account changes in the hydrologic cycle, require fairly complex downscaling procedures. FLH, on the other hand, is a variable that can be derived directly from coarse global models and which is known to be closely related to glacier mass balance in the tropical Andes (Vuille et al., 2008a; Rabatel et al., 2013) . Given the large spread between the two emission scenarios and the considerable uncertainty introduced by CMIP5 model differences, the errors incurred by our methodology are in all likelihood comparatively small.
There are a few studies that have attempted to make more realistic long-term projections of individual glacier volume and extent using a more sophisticated approach. Réveillet et al. (2015) for example used a 3-dimensional full-Stokes model called Elmer-Ice to simulate the evolution of Zongo glacier in the Cordillera Real, Bolivia, for both presentday and future conditions. Implicit in this modeling approach is the assumption that future temperature changes will directly affect the ELA, which is reasonable, given the close relationship between freezing level height and ELA shown above ( Fig. 3) . Changes in the ELA, on the other hand are directly related to the surface mass balance of the glacier. In this approach future glacier volume can be simulated as a dependence of future temperature change using CMIP5 model output, assuming that the general vertical mass balance profile remains the same, but will move upslope as a function of a higher ELA. Given that temperature is a more robust variable with much lower uncertainty bounds than for example precipitation, the modeling approach is considerably more straightforward. Based on estimates by Réveillet et al. (5-95% range across models). Horizontal dotted black line indicates peak elevation of glacier according to Rabatel et al. (2013) .
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (2015) Zongo glacier would lose 40%, 69% and 89% of its current ice volume by the end of the 21st century under the three emission scenarios RCP2.6, RCP6.0 and RCP8.5, respectively. However, this approach neglects any potential future changes in snowfall, which could also affect glacier mass balance. Given the general consensus of a future decrease in precipitation, as portrayed in Urrutia and Vuille (2009) , Minvielle and Garreaud (2011) and more recently confirmed by Neukom et al. (2015) , these projections by Réveillet et al. (2015) also have to be considered conservative estimates.
Hydrologic (water supply-side) projections
The impact of glaciers on the terrestrial water cycle is essentially two-fold: they may alter the catchment water balance, as well as the timing and variability of streamflow. The impact of glaciers on catchment runoff is typically considered to be positive because the combined evaporation and sublimation rate of the glacier surface tends to be lower than the evapotranspiration rates of other land-cover types. There is, however, still considerable uncertainty regarding actual sublimation rates and how they vary regionally, seasonally and along an altitudinal gradient. Average sublimation rates from tropical glaciers are commonly considered to be on the order of 0.5-1.0 mm d − 1 (Hurley et al., 2016) , although sublimation is highly seasonal, with higher values during the dry austral winter, when increased wind speed and the drier boundary layer tend to favor increased sublimation rates. Wagnon et al. (1999) , for example, measured sublimation rates of 0.3 mm d − 1 in October and 1.1 mm d − 1 in July near the equilibrium line on a glacier in Bolivia. At much higher elevation, at 6340 m a.s.l., Wagnon et al. (2003) found values between 0.8 and 1.2 mm d − 1 on Nevado Illimani in Bolivia. Winkler et al. (2009) reported significantly higher sublimation rates in the Andes of Peru, although these results still have to be confirmed at other sites. They performed a detailed study both measuring and modeling sublimation rates on glacier Artesonraju and found values as high as 1-5 mm d − 1 during the dry season, although they confirmed that sublimation rates were much lower during the wet season.
Characterizing evapotranspiration from non-glacierized surfaces has equally been a challenge and studies are limited due to lack of meteorological data. Buytaert et al. (2007) and Córdova et al. (2015) , suggested values between 1.8 and 2.0 mm d − 1 , but errors are thought to be as high as 30%. Ochoa-Tocachi et al. (2016) calculated reference evapotranspiration in Andean catchments from Ecuador, Peru and Bolivia based on temperature data and obtained values ranging from 765 and 1374 mm a − 1 , significantly more than what is lost through sublimation from glacierized surfaces.
A reduction of glacier cover will therefore reduce streamflow, because of increased evapotranspiration from newly ice-free areas (Frans et al., 2015) . However, this effect tends to reduce quickly with catchment size and distance from the glacier terminus. In contrast the impact of glaciers on water availability through their seasonal buffering capacity of streamflow tends to be much larger and persist much further downstream (e.g. Mark and Seltzer, 2003; Juen et al., 2007) . The magnitude of this effect is determined by the interaction between seasonal variations in precipitation and ablation. As a result, glaciers may provide a large relative contribution to dry season flow in regions with strong seasonality in precipitation (Mark and McKenzie, 2007; Soruco et al., 2015) .
Accelerated glacier melt may further increase a glacier's contribution to river flow because of the glacier's negative mass balance (LaFreniere and . But this effect is temporary and will decline with decreasing glacier size (Pouyaud et al., 2005) . Eventually, streamflow seasonality will increase because of the reduced buffering capacity of the glacier. This effect, known as 'peak water' (Jansson et al., 2003) has been described by Baraer et al. (2012) for the Cordillera Blanca, Peru, where they suggested that glacial retreat initially leads to a water surplus in glacier-fed streams, but once a critical transition point is reached, dry season meltwater contribution will decline and eventually stabilize at a level that is 30% below the initial level (see also Pouyaud et al., 2005; Chevallier et al., 2011) .
However, the impact on river discharge is scale-dependent and declines with downstream distance from the glacier. For instance, Soruco et al. (2015) did not detect a significant change in river discharge (− 0.6% in water production) from the glaciers in the Cordillera Real contributing to water supply of the city of La Paz, neither at annual nor seasonal time scales, despite a loss of approximately 43% of the glacierized area between 1963 and 2006. It is assumed that the increased melt rates essentially compensated the reduction in the surface area of the glaciers. Going forward, however, based on estimates by Soruco et al. (2015) , the complete disappearance of these glaciers will lead to reduction in runoff of 12% annually, but 24% during the dry season. Note that the glacier discharge produced during the dry season (4.3 × 10 6 m 3 a − 1 ) accounts for half of the water produced during the wet season (8.4 × 10 6 m 3 a − 1 ) . Uncertainties regarding future changes in precipitation, however, imply that substantial error bars belie these estimates.
In another study on Zongo glacier, Frans et al. (2015) applied a distributed glacio-hydrologic model to study the response of river discharge to future glacier retreat, with a simplified dynamic model using the shallow ice approximation approach. Their climate forcing data were obtained by downscaling reanalysis and CMIP5 model data using a stochastic weather generator. Their results indicate a decrease in annual and dry season discharge of 25 and 57% respectively by the end of the 21st century, resulting from a loss of 81% of the glacier volume (in scenario RCP4.5, when compared to reference year 1987), which would render future glacier melt contribution negligible. This reduction is significantly more than the volume loss of only 69% in the higher emission scenario RCP6.0 found by Réveillet et al. (2015) , highlighting the uncertainty in future projections of glacier loss associated with different methodologies, input parameters and assumptions concerning the different climate scenarios.
A more in-depth discussion and critical review of the various approaches linking climate with glacier and runoff modeling at various spatial and temporal scales in the Andes can be found in Fernandez and Mark (2016) . A particularly noteworthy point raised in their review is the suggestion to perform glacio-hydrologic intercomparison studies at specific sites with good data coverage. Employing different modeling approaches (e.g. empirical temperature-index vs. physically-based energy balance models) over the same sites with the same data sets (to the extent that different approaches require the same input data) would allow for a much more detailed assessment of results and their specific model-dependence. Such experiments could potentially be integrated into the existing Glacier Modeling Intercomparison Project (GlacierMIP; http://www.climate-cryosphere.org/activities/targeted/glaciermip). The Zongo glacier in Bolivia or Antisana 15a glacier in Ecuador, which are among the best-equipped and monitored glaciers in the tropical Andes, would provide suitable targets for such an intercomparison study.
Socio-economic (water demand side) projections
While a considerable body of literature with focus on the water supply side (i.e. glacier retreat and its impact on meltwater availability downstream) has emerged over the past decade, there is an increasing realization that the water demand side may be an equally, if not more, important aspect of this equation Drenkhan et al., 2015; Rasmussen, 2016; Carey et al., 2017) . Buytaert and de Bievre (2012) for example analyzed future water supply and demand for four large cities in the Andes (Bogota, Quito, Lima, La Paz), of which one (La Paz) receives a significant water supply contribution from glacier melt, under a range of future scenarios. Their results suggest that future increases in water demand induced by demographic changes (population growth) will likely outpace any changes in water supply due to climate change, regardless of uncertainties in future growth scenarios. Hence they argue that population growth rather than a decline in water supply per se is the major driver of future water scarcity. They conclude that a stronger research and adaptation focus should be placed on the demand side, quantifying and regulating future water demand through adequate adaptation strategies, including water conservation, modern infrastructure to reduce water losses and policy instruments.
Indeed the increasing population, export-driven agricultural expansion, growth in water-intensive industries such as mining (Bebbington and Williams, 2008; Bebbington and Bury, 2009 ) and rising demand for electricity from hydropower plants (Finer and Jenkins, 2012) already cause water shortages (e.g., Boelens, 2014) in Peru, Bolivia, and Ecuador. As a result, trends in increasing water demand will continue and water shortages aggravate, regardless of the rate at which glaciers will retreat over the coming decades. To anticipate these issues and identify hotspots of water shortage and potential conflict, it is essential to understand the spatiotemporal patterns of water demand and how they interact with a changing supply. Within this context, political constellations as well as economic and marketdriven aspects will largely determine priorities for water allocation (Drenkhan et al., 2015) . Water rights are distributed based on historical practices and trends, but also based on political conditions, economic agendas, institutional capacity, laws and legal structures, and cultural values. In the more rural areas of Peru and Bolivia in particular, access to adequate water systems and sanitation facilities for local populations is still insufficient. Hence improving this infrastructure is projected to further increase water demand close to glacierized headwaters (Carey et al., 2014) . The same is true for agriculture that is reliant on irrigation. Large irrigation projects for export-oriented agriculture along the Peruvian coastal deserts (Chavimochic and Chinecas, for example) have led to a rapidly increasing water demand from the Rio Santa that drains the Cordillera Blanca (Bury et al., 2013; Carey et al., 2014; Drenkhan et al., 2015) . In Peru subsistence farming based on crops such as alfalfa, barely or potatoes is increasingly being replaced by export crops (asparagus, rice, avocado) grown in these large coastal desert irrigation projects. But even in the more rural areas water demand for irrigation may increase. As pointed out by Hole et al. (2011) the rising temperatures may lead to an upward extension of the arable land, potentially further increasing the demand for water to be used in irrigation. In summary, multiple drivers affect current state and future trajectories of water demand. Clearly a much better characterization of current and future water demand will be necessary to complement glacio-hydrologic modeling of the supply side. Inevitably this will need to consider the socioeconomic, legal, political, ethical and cultural drivers that shape water demand in a watershed.
New frontiers in Andean glacier and climate research
While a lot of progress has been made in our understanding of tropical Andean glacier response to climate change in general, the sensitivity of glacier energy and mass balance to a number of specific natural and anthropogenic forcing terms is still poorly documented. Below we discuss some of these aspects in more detail and offer a few thoughts on why we believe these issues deserve special attention from the scientific community in the future.
Revising in-situ mass balance estimates
Most surface mass balance estimates in the tropical Andes are based on the glaciological method where routine measurements of ablation and accumulation are carried out based on a stake network. While measurements in the ablation zone are made once a month, measurements in the accumulation zone are logistically much more difficult and challenging and commonly only carried out once or twice a year. Obtaining reliable measurements in the zone that is representative of the entire upper reaches of glaciers is very challenging, given inaccessibility of certain areas with steep seracs and hidden crevasses, and the difficulty in determining a clear base of the annual accumulation layer, especially in the inner tropics, which lacks a clear dry season. The spatial extrapolation of such point measurements over the entire accumulation zone further enhances the uncertainties in the glacierwide mass balance, especially since the accumulation area tends to be larger than the ablation zone. On one of the most intensely surveyed glaciers, Antizana 15a, in the Andes of Ecuador, for example, 60% of the surface area is not covered by direct surface measurements. It may therefore not come as a big surprise that a reassessment of the mass balance of glacier Antizana 15a over the period 1995-2012 with geodetic measurements (mass change computed from digital elevation model differencing), suggests that the mass balance in the accumulation zone may have been significantly underestimated in previous studies (e.g. Francou et al., 2004) . Based on the geodetic mass balance approach Basantes-Serrano et al. (2016) demonstrated that the accumulation totals above the ELA are approximately 70% higher than previously estimated with the glaciological method, resulting in a much reduced, less negative, overall mass balance of glacier Antizana 15a during the past two decades. To what extent these results simply reflect the particular precipitation characteristics of Antizana glacier, with a very steep vertical precipitation gradient, or whether they hint at a larger problem of accumulation measurements throughout the tropical Andes, remains an unanswered question.
An additional uncertainty regarding the representativeness of the Andean glacier network stems from the initial choice of glaciers that form part of this network. Because of the logistical challenges discussed above, the network established for long-term monitoring tends to be biased toward smaller glaciers, located at lower elevations, that are easier to access and safer to work on. It is well understood that such glaciers may be more prone to rapid glacier retreat and the first to completely disappear (e.g. Ramirez et al., 2001; Francou et al., 2003) . Hence questions have been raised about the representativeness of the selected glacier network as portrayed in Vuille et al. (2008a) and Rabatel et al. (2013) , although as stated above, the majority of glaciers in the tropical Andes fall into this low-elevation category and the two longest existing mass balance time series are actually from large glaciers, Antizana and Zongo.
To better assess the representativeness of the monitored glaciers, regional studies need to be promoted, where mass balance changes at the decadal scale are computed for entire mountain ranges. This can be achieved by deriving digital elevation models (DEM) from satellite data such as SRTM, ASTER or SPOT (e.g. Gardelle et al., 2013; Berthier et al., 2016) , or aerial photographs. Recent sub-metric resolution satellite images (e.g., Pléiades) are also very promising (Cusicanqui et al., 2015) , although their acquisition cost remains an obstacle to regional studies. Combining the geodetic method with snowline measurements derived from satellite images during the dry season would allow quantifying annual mass balance data for tens or hundreds of glaciers. However, algorithms still need to be improved to automatize the processing of satellite images .
Glacier thickness estimates
One bottleneck for a better quantification of glacier changes and their contribution to hydrological functioning of high-altitude watersheds is the difficulty in quantifying glacier volume and thickness distribution. As discussed in Sections 3.2 and 3.3, the only future glacier change projections including ice dynamics performed in the tropical Andes were done on the highly monitored Zongo glacier, Bolivia (Réveillet et al., 2015; Frans et al., 2015) where ice thickness was measured in-situ. However, even though more in-situ measurements on individual glaciers are needed, it is impossible to directly measure ice thickness on all the individual glaciers, given the cost, logistics, accessibility, etc. Therefore, modeling of glacier thickness is indispensable. Several modeling approaches are currently being tested within the Ice Thickness Models Intercomparison eXperiment (ITMIX, http://cryosphericsciences.org/wg_glacierIceThickEst.html). The efficiency of the models largely depends on the required input data (surface DEM, glacier outline, surface mass balance, surface flow velocities). Preliminary results from this intercomparison initiative (Farinotti et al., 2017) show that the availability of accurate DEMs, surface velocity fields and mass balance data allows improving the ice thickness distribution estimates. In this context, the new generation of sub-metric resolution satellite images (e.g. Pléiades, WorldView) or satellites with high temporal acquisition frequency (e.g., Sentinel-2 with a 5-day revisiting period) open new avenues for obtaining useful input data to accurately estimate glacier thickness.
Role of clouds and regional circulation changes
On low-latitude glaciers, the main seasonal changes in mass and energy balance are driven by humidity-related variables, and ablation and accumulation processes are closely linked. Seasonal and interannual variations in the mass balance therefore depend on cloud and precipitation properties, with net radiation being the main driver of the glacier surface energy balance (Sicart et al., 2005) . Shortwave incoming radiation is particularly important during the transition from dry to wet season (October-November in the central-southern tropical Andes), when cloud cover is still low, yet the long dry season has accumulated significant amounts of dust and aerosols at the surface, which together with snow metamorphism and ice exposed due to the increasing snow line results in very low albedo values (and hence high rates of absorption of solar radiation (e.g. Wagnon et al., 2001; Gurgiser et al., 2013) . Once the wet season has started and glaciers are blanketed with fresh snow and clouds reduce incoming solar radiation, this effect subsides, and melt rates are somewhat reduced. Still, significant melt rates tend to persist for most of the wet season, driven mainly by high longwave radiation emitted by convective clouds (Sicart et al., 2010 (Sicart et al., , 2011 . Hence snowfall (albedo effects) and clouds (radiative properties) are key drivers of the surface energy balance of tropical glaciers as their characteristics (convective vs. stratiform; low vs. high clouds, etc.) change with seasonal changes in atmospheric circulation (Sicart et al., 2016) . Changing cloud properties modulate longwave radiation, but also lead to seasonal changes in the amount of incoming shortwave radiation. How cloud radiative forcing in the tropical Andes might change under future climate change scenarios is highly uncertain, yet of paramount importance to understand future changes in tropical glaciers' energy balance. A first step in addressing this lack of understanding was taken by Sicart et al. (2016) , who were able to link cloud properties and their impact on the incoming surface energy flux over tropical glaciers to changes in the atmospheric circulation on seasonal timescales. Given that climate models are better suited to simulate changes in the large-scale circulation, this might open new avenues to statistically infer related changes in cloud properties over the Andes, without having to directly rely on error-prone cloud data from the models themselves.
Role of aerosols (black carbon) and albedo feedback
Given the importance of albedo changes for surface energy balance during the transition from dry to wet season, when cloud cover is still low, yet solar radiation is high, deposition of solid particles such as dust, black carbon and other aerosols from air pollution, including biomass burning and fossil fuel combustion, on glaciers is of high relevance. Black carbon in particular is a major concern, given that its efficacy to contribute to snow and ice melt once deposited on a glacier is significantly higher than its radiative forcing would imply (Flanner et al., 2007) . Yet this topic has received surprisingly little attention in the Andean region (e.g. Sicart and Arnaud, 2007; Schmitt et al., 2015) , unlike for example the Himalaya, where a significant amount of literature on this topic exists (e.g. Ramanathan and Carmichael, 2008; Xu et al., 2009; Menon et al., 2010; Kaspari et al., 2011; Qiu, 2013; Ginot et al., 2014) . Biomass burning in the Amazon basin, upwind of the tropical Andes, is likely a major source of black carbon deposition in the Andes (Pereira et al., 2011) , but emission statistics and inventories over the region, as well as adequate emission, transport and deposition models are largely lacking (Molina et al., 2015) . Developing such models is particularly challenging in this region, given the paucity of observational data and the complex topography leading to highly uncertain transport and mixing processes (Molina et al., 2015) . Initial results obtained in the Cordillera Blanca by Schmitt et al. (2015) seem to suggest that deposition levels of black carbon are higher on glaciers that are located closer to population centers, when compared to glaciers that are in more remote locations, indicating that local sources of pollutants may outweigh long-distance transport. This result however, has yet to be confirmed at other sites in the Andes. Such local sources for black carbon can include diesel-powered vehicles, residential use of wood, waste, etc. for heating and cooking, as well as local grassland fires, both anthropogenic or natural (Roman-Cuesta et al., 2014) . Deposition of ash from volcanic eruptions is also locally important (Schotterer et al., 2003) , even though it is not a result of climate change and the forcing is time-limited, as the volcanic aerosol concentration drops rather quickly once the eruptions ends. Some studies have also used ice cores to analyze historical air pollution levels dating back to pre-Incan times (e.g. Eichler et al., 2015; Uglietti et al., 2015) , but they focused mostly on trace elements such as Pb, that are emitted from metallurgic activities. Given the paucity of data on this topic, its relevance for glacier energy balance in the Andes is somewhat uncertain. Yet the lessons learned from similar studies in the Himalaya indicate that further research to obtain better data on this topic is warranted. For example only one high-elevation Global Atmospheric Watch (GAW) site measuring atmospheric air pollution exists in all of the tropical Andes, located at the Chacaltaya Observatory in the Cordillera Real, Bolivia (Molina et al., 2015) . This network should be extended to include a similar station in the northern humid tropical Andes. This is all the more important as several mid-to large-sized cities exist in the tropical Andes (La Paz, Cuzco, Quito, Bogota), all emitting significant quantities of air pollutants, including black carbon, that could reach nearby glacierized mountain ranges.
Role of groundwater
One of the major uncertainties related to water storage terms in the tropical Andes relates to groundwater. Very little is still known about how aquifers in the region are recharged and to what extent they could contribute to maintaining a crucial base flow in rivers during the dry season. Baraer et al. (2015) and Gordon et al. (2015) analyzed the contribution of groundwater to river discharge in several glacierized catchments of the Cordillera Blanca, Peru. Baraer et al. (2015) applied a hydrochemical mixing model, including major ions and stable isotopes to determine the extent to which glacier runoff during the dry season may be complemented by a contribution from the underlying aquifer. In all four valleys they surveyed, the groundwater contribution to runoff was above 24% during the dry season, suggesting that groundwater provides a substantial contribution to river discharge from these glacierized catchments. Another study in a proglacial catchment of the Cordillera Blanca by Somers et al. (2016) confirms these results. Their study indicates that river discharge during the dry season experiences a net gain of almost 30% from the underlying aquifer. Both Gordon et al. (2015) and Somers et al. (2016) stress, however, that groundwater itself is at least partially recharged through glacier meltwater. Hence it remains an unresolved question to what extent the hydrology of the underlying aquifer itself will be affected by continued glacier retreat and eventual complete disappearance. An additional challenge stems from the difficulty in correctly describing the regional extent of the different aquifers, given the heterogeneous lithology and complex geology characterizing the upper reaches in many of the glacierized catchments. Some aquifers may be fractured, as is the case for example in the Antizana catchment in Ecuador (Favier et al., 2008) or consist of porous media, as is the case in the Quilcayunca catchment in Peru .
Impacts on socio-economic, environmental and cultural systems

Water use
Water is used for a variety of industrial purposes in the tropical Andes, but the two main industrial sectors that rely on a steady supply of water are hydropower production (see illustrative example in Fig. 5 ) and mining. Hydropower constitutes a major component of the power mix in many Andean countries (Vergara et al., 2007) . In Peru, for example, it accounts for 54% of the energy production (Drenkhan et al., 2015) . With the energy demand in Peru currently increasing at a rate of 5.4% per year (Drenkhan et al., 2015) , this capacity is projected to grow rapidly (Finer and Jenkins, 2012 ). Yet glacier retreat might at least in some regions, such as the Cordillera Blanca, Peru, have a negative impact on hydropower production, because of the likely decrease in river discharge during the dry season (Mark et al., 2010; Chevallier et al., 2011; Baraer et al., 2012; Condom et al., 2012; ) . Because glacier runoff variability varies across each basin, and because glacier shrinkage for larger glaciers will generate increased runoff rather than an immediate reduction in discharge, which may be the case for smaller glaciers or particular basins, it is difficult to draw decisive conclusions about how, when, and where glacier retreat will affect hydropower generation . In some cases, glacier shrinkage will increase runoff for decades into the future, while in other locations discharge reduction may already be underway, thereby having negative water use impacts. When glacier runoff declines, it will often be necessary to construct additional storage to maintain the same level of power production. In the past, reservoir building has led to opposition and resistance from local residents (e.g. Carey et al., 2012a; Rasmussen, 2016) . While water use for hydropower production is not in itself a consumptive use in the sense that it would lower the overall availability of water (except for some evaporative loss in reservoirs), it requires strong flow regulation. This may either be beneficial or detrimental to other water uses, depending on the scope for multi-objective optimization of reservoir operations. Yet, many existing reservoirs in the tropical Andes, including the Cañon del Pato hydropower dam on the Santa River, are already operated as multi-purpose reservoirs. Furthermore, hydropower installations may be faced with increased sediment influx as glacier retreat will increasingly expose bare slopes and lead to increased erosion and discharge of suspended sediments (Finer and Jenkins, 2012; Godon et al., 2013) . They also threaten ecological connectivity between high and lowland river species along river systems and pose barriers for migrating species, in particular on the eastern slopes of the Andes, where over 150 new dams were in a planning phase in different Andean countries in 2011 (Finer and Jenkins, 2012) .
Mining is a major economic sector in many Andean nations and also has a very large water footprint as water is used for leaching, flotation and concentration processes of ore. According to Carey et al. (2014) , producing one ounce of gold in the Rio Santa valley, Peru, in 2008 required approximately 25 m 3 of water. Bebbington and Bury (2009) report that mining claims in Peru have increased exponentially, with mining concessions in 2008 covering 11% of the entire surface area of the country. Many of them are located in watersheds that are already under significant water pressure, supplying drinking water to large coastal cities, such as Lima. However, most water use in mining is nonconsumptive and therefore returned to the river. As a result, mining impacts on downstream water availability tends to be limited, but it may exacerbate local water stress or reinforce the impact of glacier melt. Additionally, the potential impact on contaminants and sediment load can be significant, with glacier loss opening up new high-elevation and fragile lands to mining that release cyanide and other contaminants into downstream water supplies (Buytaert and Breuer, 2013; Bury, 2015) . Quantitative analysis of daily rainfall and discharge variability in the Tablachaca River (3132 km 2 ) and the Santa River (6815 km 2 ) watersheds by Morera et al. (2013) for example, shows that mining activity leads to much higher specific suspended-sediment yield (2204 t km − 2 yr − 1 ) in the Tablachaca River, despite a very similar hydroclimatic setting. Maybe most important, however, is the impact on water quality as ore mining often leads to acid mine drainage leaching heavy metals and other pollutants into nearby rivers. Historically pollution from mining has been a major problem for water quality, as acid mine drainage from mine wastewater, including contaminants such as As, Pb and Cd has repeatedly leaked into streams and rivers (Bebbington and Fig. 5 . Examples of human activities and environmental services that may be affected by glacier retreat. Top left: Hydropower production -Laguna Sibinacocha in the Cordillera Vilcanota, Peru. The dammed lake reservoir is fed by glacial meltwater and serves electricity production (photo: C. Huggel). Top right: Glacial hazards -An early warning system on Laguna 513, Cordillera Blanca, Peru, a glacier lake that formed as glaciers receded during the past decades. The warning system includes geophones and cameras transmitting pictures of dam and mountainside in real time (photo: C. González). Bottom left: Alpine tourism -Women on Mt. Illimani, Cordillera Real, Bolivia, serving as porters for alpine climbing expedition (photo M. Vuille). Bottom right: Andean wetlands -Lamas and Alpacas grazing in wetland maintained by glacier meltwater downstream of Quelccaya ice cap, Cordillera Vilcanota, Peru (photo M. Vuille). Rodbell et al., 2014) . Since mining operations generally occur at high elevations in the headwaters of rivers (Bebbington and Bury, 2009 ), these pollutants have the potential to affect large portions of rivers downstream. Water quality can also drastically decline due to glacier retreat as sulfide-rich formations may become exposed and start to leach into glacial streams (Fortner et al., 2011) . In the Peruvian Cordillera Blanca, for example, some of the streams sampled by Fortner et al. (2011) have Pb and Ni concentrations that significantly exceed Peruvian drinking water standards or the water quality standards set by the World Health Organization (WHO). Similarly other ions such as Al, Fe or the water pH exceed standards suggested for human consumption (Fortner et al., 2011) . The fact that glacier retreat will lead to a reduction in dry season streamflow, further exacerbates the problem, as pollutants will become more concentrated during this season (Fortner et al., 2011) .
Glacier retreat also affects water use in large-scale export-oriented agriculture and subsistence farming and pastoralism (López-i-Gelats et al., 2015; Postigo et al., 2008; Young, 2008) . Below Peru's Cordillera Blanca, glacier runoff plays an important role in irrigation, including for the Chinecas and Chavimochic projects that divert Santa River water into several neighboring watersheds to nourish agricultural production (Bury et al., 2013; Carey et al., 2014) . While other factors including Peru's water distribution policies, competing interests for Santa River water, international demand for crops such as asparagus, and infrastructure construction such as dams, influence Chavimochic and Chinecas, glacier runoff rates have the potential to influence agricultural production, as well as livelihoods, potable water, and national gross domestic product (GDP).
Glacier hazards
The tropical Andes have been the site of repeated large glacier-related disasters throughout modern history. Among the most devastating disasters were glacier lake outburst floods (GLOFs), ice and rock avalanches and lahars from ice-capped volcanoes, especially in Colombia and Peru (Pierson et al., 1990; Evans et al., 2009; Carey, 2010) .
Glaciers have retreated throughout most of the 20th century and lakes often formed in the foreland, dammed by bedrock or moraines that were deposited during the Little Ice Age or other periods of glacier advance. Several studies have documented the increase in number and size of the lakes in the tropical Andes over recent decades (e.g. Lopez-Moreno et al., 2014; Hanshaw and Bookhagen, 2014) . The Cordillera Blanca in Peru has seen multiple disasters with outburst floods affecting downstream communities in the past (Carey, 2010; Carey et al., 2012a; Schneider et al., 2014) . In 1941 a third of the city of Huaraz was destroyed by a GLOF, causing approximately 1800 fatalities (Carey, 2010) . Lake Palcacocha, which caused this 1941 GLOF, is now once again estimated to pose significant risks to downstream communities, especially Huaraz, as the lake contains approximately 17 million m 3 of water, compared to an estimated 10-12 million m 3 when the GLOF occurred in 1941 (Vilímek et al., 2005; Emmer et al., 2014; Somos-Valenzuela et al., 2016) . GLOF risks exist throughout the tropical Andean region even though they have been most destructive in the Cordillera Blanca (e.g. Hoffmann, 2012; Cook et al., 2016) .
Landslides, ice or rock avalanches, triggered by processes such as earthquakes, heavy rainfall, gradual destabilization of slopes or a combination thereof, have repeatedly led to cascading processes by impacting glacier lakes and causing outburst floods. However, large mass movements can also represent a major hazard on their own. The most prominent and disastrous events in the tropical Andes are the 1962 and 1970 Huascarán rock-ice avalanches, destroying the towns of Ranrahirca and Yungay with 650 and 6000 fatalities, respectively (Evans et al., 2009) . Flow transformations from avalanches to highly mobile debris flows due to thermal energy production and melting of snow and ice, such as at the Huascarán events, make these processes a far-reaching hazard for downslope areas. Similar large and destructive mass flows (termed lahars) with reaches of up to 100 km and beyond have also been observed on ice-capped volcanoes across the tropical Andes. Medium-size volcanic eruptions may be sufficient to melt snow and ice and cause massive lahars such as on Nevado del Ruiz, Colombia, where 23,000 people were killed in 1985 (Barberi et al., 1990; Pierson et al., 1990) . Most ice-capped volcanoes in the tropical Andes are being monitored now and some have early warning systems in place but major concerns persist for high risk areas such as Cotopaxi volcano, Ecuador, where at least 100.000 people reside in the path of the lahar that occurred in 1877 (Pistolesi et al., 2013) .
Physical process understanding and modeling, and field evidence from the past and present suggest that periods of warming and associated glacier shrinkage and permafrost degradation result in decreasing slope stability (Gruber and Haeberli, 2007; Huggel et al., 2012; McColl and Davies, 2013) . In the tropical Andes no systematic analysis concerning observed or projected slope stability exists and little is known on the related impacts of climate change on populations and infrastructure in the region. Efforts are underway to assess location and dimension of new lakes as a result of ongoing and future glacier retreat, allowing an estimate of the impacts of potential lake outburst flows (Colonia et al., 2017) . Research should focus on a comprehensive analysis of geophysical (earthquakes, volcanic activities) and climatic (warming, extreme events) triggers of mass movements and flows, and cascading effects on lakes and downstream areas and communities to inform disaster risk reduction and adaptation strategies.
Glacier-related risks of course exist not only because of geophysical dynamics but also because of exposed and vulnerable human populations, a topic lacking sufficient research for the tropical Andean region. Studies demonstrate the need for comprehensive and holistic approaches to risk reduction (Oliver-Smith and Hoffman, 1999; Hegglin and Huggel, 2008; Carey et al., 2012a) . These involve not only early warning systems and educational and awareness programs, but also more comprehensive approaches that analyze class standing and socioeconomic disparities, building codes, land use planning, urban development, cultural values, risk perceptions, spiritual understandings of extreme events, government policies, and infrastructure placement and construction, among many other factors. Moreover, research has pointed to the underlying historical processes by which certain segments of the population become more vulnerable to hazards over time, whether the more marginalized Quechua-speaking subsistence farmers living in rural areas, poorer communities living in new settlements along the margins of rivers where GLOFs can pass, or Spanish-founded towns and cities built on alluvial fans where GLOFs and rock and ice slides funnel into during disaster events (Oliver-Smith, 1999; Carey, 2010) .
Downstream ecological impacts
While projected future changes in Andean biomes due to climate change remain somewhat uncertain (Tovar et al., 2013) , there are many impacts of climate change on Andean ecosystems that are already being felt, such as the upslope migration of the Andean timberline, ecotones and vegetation zones and increasing continental insularity (Feeley and Silman, 2010; Feeley et al., 2011; Anderson et al., 2011; Lutz et al., 2013; Anthelme et al., 2014; Morueta-Holme et al., 2015; Zimmer et al., 2017) , changes in species composition of lake ecosystems (Michelutti et al., 2015) or emergence of new invasive species, pests and vectorborne disease (e.g. Seimon et al., 2007; Dangles et al., 2008; Siraj et al., 2014) .
Accelerated glacier melt can have both direct and indirect impacts on high Andean aquatic ecosystems fed by meltwater, such as streams, lakes and wetlands. Direct impacts of glacier melt are related to changes in streamflow, hydrological variability, water temperature, turbidity and chemistry of glacier-fed rivers. Glacial meltwater contribution to these systems is a main driver of spatio-temporal biodiversity patterns, species composition of natural plant and animal communities, as well as key ecosystem processes such as primary production. For instance, glacier-fed streams contribute to environmental heterogeneity in river networks at the catchment level, promoting regional biodiversity (Jacobsen et al., 2012; Cauvy-Fraunié et al., 2015; Quenta et al., 2016) . Jacobsen et al. (2012) first pointed out that highly specialized communities exist in Andean glacier-fed rivers. Based on studies in rivers that are supplied by glacial meltwater from glaciers on Mt. Antizana in the Andes of Ecuador, they were able to predict that 11% of invertebrate species, including several endemic species, may become permanently extinct if glaciers completely disappeared from the region. A similar result has been demonstrated for bofedales, high Andean wetland complexes, in Bolivia (Quenta et al., 2016) .
The exact ecological functioning of these invertebrate species and their role played in the food chain is poorly known. The effect of changes in species composition are therefore difficult to predict, as are potential altitudinal range shifts in response to changes in in-stream environmental conditions due to reduction in glacial cover in the catchment . As demonstrated by Cauvy-Fraunié et al. (2015) , the glacial meltwater provides for a spatial filter, essentially insulating the highly adapted species from competition from other more common generalist species unable to cope with the harsh environmental conditions in glacier-fed rivers, and thus excluded from dispersing upstream. With a reduction in glacial meltwater this environmental filter will weaken or eventually completely disappear, allowing colonization through more competitive species from further downstream leading to the possible extinction of these highly adapted endemic 'glacial' species. These results were confirmed more recently in a flow manipulation study, where the glacial meltwater contribution was artificially manipulated (diverted and after a period of time reintegrated) and the resulting changes in algae and macro-invertebrate composition monitored over a period of several years (Cauvy-Fraunié et al., 2016) . Their results highlight that following a reduction in glacial meltwater, benthic algal and macroinvertebrate herbivore biomass increased and macroinvertebrate community composition changed within a matter of days to a few weeks, while recolonization by the original species after restoring the previous flow regime takes approximately 30 times longer.
With increased runoff from glacial recession, turbidity (from suspended glacial flour) will also increase in lakes downstream, thereby decreasing water transparency (Hylander et al., 2011) . Input of glacial flour creates horizontal gradients in attenuation of light and ultraviolet radiation (UVR), which strongly affect both distribution and behavior of phyto-and zooplankton. The input of glacial flour thus creates a refuge for species that are sensitive to high UVR exposure. When the glacier has vanished, this habitat may disappear, nutrient levels will shift and food resources increase. Hence, glacier melting will probably have profound effects on both species composition and behavior of several planktonic taxa with potential effects on the food web (Hylander et al., 2011; Laspoumaderes et al., 2013) .
Glacier melt may also have less direct impacts through alteration of the water balance of downstream ecosystems. For instance, infiltrating glacier meltwater may influence groundwater flows and soil water content, in particular in regions with groundwater exfiltration or shallow groundwater levels. Additionally, changes in streamflow magnitude may affect water inflow, wetness, and the hydrological regime of downstream wetlands (see illustrative example in Fig. 5 ). Indeed a recent study in the páramo environment of the Colombian Andes suggests that glacier retreat and the excess meltwater, in combination with increased temperature may have led to higher rates of peat accretion in tropical wetlands (Benavides et al., 2013) . The enhanced accumulation of organic biomass may, however, only be temporary, if glacier meltwater indeed spurred this enhanced carbon uptake.
Bofedales, wetlands in the dry Puna of the southern tropical Andes (Fig. 5 , see also Squeo et al., 2006) , are among the most sensitive ecosystems and strongly affected by changes in meltwater discharge from glaciers upstream (Loza Herrera et al., 2015; Dangles et al., 2017) .
For example Polk et al. (2017) recently suggested that the spatial extent of these wetlands in the Cordillera Blanca may follow the same 'peak water' concept as applied to river discharge, with a temporary expansion as more meltwater leads to increased river runoff. In the long-term, however, these bofedales will likely shrink in size due to the lack of sustained meltwater inflow, which may lead to soil desiccation and wetland degradation, negatively affecting species richness and the ecosystems' ability to provide environmental services such as carbon and water storage (Polk et al., 2017) .
Social impacts and socio-political conflicts
Growing concerns surrounding water allocation have led to an increasing number of conflicts between industrial and local demands that have different priorities regarding control, regulation and access to water. Studies suggest that the root problem of these conflicts tends to lie in rising water demand, often exacerbated by inequitable water allocation and lack of adequate water governance, that could provide for a legal framework how water regulations are made and implemented (Vuille, 2013; Carey et al., 2014; Carey et al., 2017) . In Cotacachi, Ecuador, researchers note increased water competition for irrigation and agriculture in recent years but link the conflicts not only to reduced glacier runoff but also to precipitation decline, government policies, water management strategies, and other human variables influencing water distribution (Rhoades et al., 2008; Skarbø and VanderMolen, 2014) . In Bolivia, McDowell and Hess (2012) also point to interconnected drivers of water shortages, including glacier runoff reduction, farmers' crop choices (with different crops requiring different quantities of irrigation water), and the difficulty of differentiating between precipitation-fed irrigation and the use of glacier runoff. Drenkhan et al. (2015) give examples of several incidents in the Andes of Peru, where local residents successfully protested against the construction of dams and reservoirs for energy production, either because of traditional beliefs that lakes were sacred, fear over future livelihoods, deep mistrust of regional authorities and institutions or inability to come to an agreement with hydropower companies on how to regulate and allocate water from lakes to the different users. One case involves Lake Parón in the Cordillera Blanca, Peru, where local residents, seized control of the reservoir from a hydroelectric company in 2008. This reservoir had been built as an adaptation measure, to allow lowering and regulating the lake level to prevent dangerous GLOFs (Carey et al., 2012b; Lynch, 2012) . However, installing regulating capabilities at the reservoir led to very different views between local residents and the hydropower company operating the dam, on how the water release should be managed. Locals sought to change the timing and rate of water release from the reservoir because they saw hydropower management (releasing high quantities of water for peak hydroelectricity generation) as detrimental to small-scale irrigation infrastructure, tourism development, and local water needs for farming and human consumption (Carey et al., 2014) .
An additional problem facing many Andean nations is that their institutions and authorities in charge of water regulations have often undergone frequent changes in personnel and institutional hierarchy and standing, affecting their ability to make and implement decisions. This lack of continuity has hampered their ability to sustain a long-term perspective on water legislation and implementation (Lynch, 2012) or build trust and lasting channels of communication with local communities. The multitude of institutions and offices involved in glacier monitoring, water resources management and risk assessment, further complicate the situation. As a result many of these water conflicts remain unresolved and the struggle over control and access to water continues.
Tourism
Tourism plays a significant role in regions where cultural tourism (e.g. Inca trail, Macchu Picchu) or mountaineering and alpine recreation such as trekking and sightseeing attract a significant number of foreign or non-local visitors. This mountain tourism can be intrinsically tied to climate change as glaciers add to the attraction for many alpinists who wish to scale the highest peaks of the tropical Andes (see illustrative example in Fig. 5 ). Glaciers and glacial lakes in Peru's Cordillera Huayhuash, for example, are important features attracting trekkers and mountaineers, and glacier shrinkage that opens passes and routes is drawing an increasing number of tourists into the region as mountain access becomes easier and quicker in these newly ice-free areas (Bury, 2008) . In several other places, mountain guides had to change their routes to the summits as continued glacier retreat has rendered some of the traditional routes too dangerous. At Peru's Pastoruri Glacier in Huascarán National Park, the regional government has shifted tourism from a previous emphasis on visiting the glacier for hiking, skiing, and sightseeing to highlighting the shrinking glacier as part of a Route of Climate Change, to illustrate the negative effects of climate change on glaciers. Further, tourists to the Pastoruri area now visit geophysical and archaeological resources, including cave paintings and dinosaur footprints, rather than the diminishing glacier (Gagné et al., 2014) .
Chacaltaya glacier in the Andes of Bolivia (Ramirez et al., 2001; Francou et al., 2003) is a particularly interesting example as it was advertised as the world's highest ski resort, with a peak elevation of 5400 m a.s.l. A ski lift was installed on the slopes in the late 1930s and regular skiing competitions were held on the mountain, with tour operators offering day-trips to the mountain to ski on the world's highest ski slopes (Kaenzig et al., 2016) . With the complete disappearance of the glacier in 2009, the situation changed, as skiing is no longer possible. The easy access from La Paz, its 360°panorama and its ideal elevation to acclimate for high altitude climbing, however, have maintained the attractiveness for tourists despite the disappearance of the glacier. Some have even suggested creating a climate change museum at the summit and using the disappearance of the glacier as an attraction to draw tourists to the site, allowing them to witness the rapid changes that are occurring (Kaenzig et al., 2016) . While clearly not applicable directly to all other sites, the cases of Chacaltaya and Pastoruri offer a glimpse of possible ways for the tourism industry to adapt and potentially diversify its portfolio toward additional activities besides skiing or mountaineering.
Cultural beliefs
Several studies have pointed out that cultural belief systems, spiritual values and perceptions form an integral part of water management practices in the tropical Andes (e.g. Bury et al., 2011; Carey et al., 2012b; Drenkhan et al., 2015) . These aspects shape how local residents view and respond to the apparent changes in their environment, including changing climatic conditions or glacier retreat (Young and Lipton, 2006; Carey et al., 2014) . Jurt et al. (2015) for example, based on interviews conducted in a village at the base of the Cordillera Blanca, report how local inhabitants perceive the retreating glaciers as a threat to their livelihoods and how it further exacerbates their concern regarding water scarcity and unjust water allocation. Brugger et al. (2013) also reveal the deep emotional attachments that people in Peru (and elsewhere) have to glaciers and glacier loss, a feeling that Rhoades et al. (2008) also documented around Cotacachi in Ecuador, where there has been significant emotional impacts of the changing landscape amidst glacier loss. Young and Lipton (2006) report that local residents around the Cordillera Blanca have changed place-names because of glacial retreat.
Glacier retreat, however, is not always seen only as a consequence of a changing climate, but is often also blamed on local activities such as extracting ice blocks from the glacier for sale, or on tourists and scientists, who walk and climb on glaciers, make measurements on them and pollute and shatter the ice . On Mt.
Ausangate in Peru, for example, a catholic pilgrimage would end with local residents cutting blocks of ice from the glacier and bringing them back to their families as they were considered to have strong healing power. With the rapid retreat of the glacier, this custom has been stopped and guards now make sure that no ice is removed (Allison, 2015) . Similarly candles that are lit around the glacier during this procession have been reduced in size to limit their impact on glacier melt. In this framework, glacier retreat is seen more as a response to local actions by locals or foreigners, rather than as a consequence of global change. The response to these changes can vary, depending on perceptions of the actors involved. Postigo (2014) documented how rural populations in the Andes have responded to perceived changes in climate extremes and glacier retreat by creating wetlands, modifying their agricultural calendar and the way fields are being irrigated. Hence environmental aspects of water demand, use and allocation are clearly intertwined with social and cultural aspects that are often equally important for understanding the impacts on local society and its response to these external forces. Allison (2015) for example documents how glacier retreat is not simply seen as just a material loss, but has implications for the local identity of rural communities and the way they see themselves and their surroundings. After all, in many places mountain glaciers are viewed not just as sources of freshwater but are sacred places, home of gods or even living beings.
Challenges and opportunities for adaptation
The need for adaptation
Climate and socio-environmental changes pose major challenges to the tropical Andes, in particular with respect to the sustainable supply and use of freshwater and glacier and high-mountain hazards as seen in the previous sections. The adaptation challenge needs to be addressed by comprehensive and integrative strategies that consider science, culture, policy and practice, and involve local populations; thus being of fundamental transdisciplinary nature (Payne and Shepardon, 2015) . Risks from natural hazards such as glacier lake outburst floods, for example, should be evaluated through integrated hazard and risk analysis including accurate simulations of the impacts, using physicallybased numerical models, but also analysis of societal needs, economic agendas, political conflicts, socioeconomic inequality and cultural values that all influence vulnerability and risk perceptions. Effective adaptation to glacier-related hazards should thus involve detailed planning and implementation of preventive measures, such as identification and prioritization of hazards (hazard maps), building codes, zoning regulations and land use planning, definition of evacuation routes, early warning and alarm systems, emergency protocols, education and outreach programs, to a name a few pertinent measures (e.g. Huggel et al., 2012; Schneider et al., 2014; Muñoz et al., 2016) .
In many Andean watersheds, local inhabitants are acutely aware of their rapidly changing environment and the retreat of glaciers (Young and Lipton, 2006; Bury et al., 2011; Jurt et al., 2015) . Although their response and coping strategies vary widely, local populations have often developed their own environmental knowledge and sense of adaptation or coping strategies with these types of hazards over time. For instance, in the Cordillera Blanca some lakes were artificially drained or they had their level lowered proactively, e.g., through construction of siphons to reduce the threat level. Residents often evaluate such risks differently from engineers, scientists, policymakers, and non-governmental organizations, thus making it critical to understand not only the biophysical changes in Andean regions but also the societal drivers of vulnerability and risk perceptions (Oliver-Smith, 1999; Carey, 2010; Boelens, 2014) . Not all forms of adaptation to natural hazards may be equally favored by local residents, as their acceptance may depend on perceived risk, cost of implementation, loss of autonomy, level of distrust toward authorities and lack of confidence in public institutions (Carey et al., 2012a) . Additionally, in many places the changes currently under way are evolving so rapidly that they have moved beyond the local historical framework. Moreover, the use of scientific information in adaptation projects and measures in the Andes is quite diverse, yet it is common that the actual measures are disconnected from scientific results and recommendations . These issues highlight the need for comprehensive adaptation approaches and indicate the associated multiple challenges.
Adaptation challenges and constraints
Research on the affected natural and human systems of the tropical Andes is often incomplete, which makes the design and implementation of effective adaptation measures difficult. The spatio-temporal availability and quality of environmental and socio-economic data is limited over much of the tropical Andes, thus increasing the uncertainty inherent to scientific assessments (Vuille, 2013; Salzmann et al., 2014) . How socio-economic, political, and biophysical forces intersect during complex processes of global change -and which factors are most important to address, and for which populations -therefore make adaptation efforts extremely challenging.
Some uncertainty in what entails effective adaptation stems from the lack of an adequate database and insufficient exchange of information between the different institutions, whether public or private. Adaptation measures should ideally be based on an assessment of both climate change-related impacts and societal dynamics, which require data that are applicable at local to regional scales (Viviroli et al., 2011; Huss et al., 2017) . Yet in the tropical Andes such a database is often missing, be it for climatic, glaciologic, hydrologic, or other environmental or socio-economic aspects. Indeed the paucity of data and its often low quality provide a major obstacle for developing and implementing adequate adaption measures that guarantee a sustainable integrated water management system (Salzmann et al., 2009; Vuille, 2013; Huggel et al., 2015) . Therefore monitoring networks should be strengthened and standardized, while securing long-term funding to maintain these networks should be a priority. Establishing data sharing platforms, which enable access to the data for all users would enhance research and improve quality and consistency across studies and regions . This applies not only for climatic, glaciological or hydrological monitoring but also for the analysis of societal conditions such as risk perceptions and vulnerability.
Poor availability and quality of data affect the development of future scenarios, and there is in fact a paucity of scenarios available for the tropical Andes, in particular with regards to socio-economic development such as expressed in water demand. For instance, modeling and analysis of future water scarcity in Andean regions affected by shrinking glaciers need to consider human variables to realistically simulate future paths of key drivers and relevant factors that determine water use, allocation and regulations (e.g. Caballero et al., 2004; Escurra et al., 2014; Nazemi and Wheater, 2015) . In the framework of efforts by the IPCC, researchers in recent years have begun to develop a new scenario framework with a more comprehensive set of global and regional scenarios (Moss et al., 2010; Nakicenovic et al., 2014) . The RCP's defining the radiative forcing by 2100 are complemented by the Shared Socio-Economic Pathways (SSP) which describe plausible alternative trends in the evolution of social and natural systems over the 21st century, with narrative storylines and quantified measures of development (O'Neill et al., 2014) . These types of quantitative future scenarios have rarely been developed for regions in the tropical Andes and even less considered for supporting and informing adaptation strategies. Nevertheless, some recent studies have taken first steps in the direction of current and future scenarios of water allocation simulated in a hydrological model . Additional types of models, which argue for the integration of social sciences into hydrologic modeling, exist. Such models, which include hydrologic network management simulations or interactive human-hydrologic modeling, could serve as a starting point for modeling approaches in the Andes (Blair and Buytaert, 2016; Carey et al., 2014) .
Opportunities and future directions
Incomplete and missing data and information on socio-environmental conditions should not paralyze the development and implementation of adaptation plans. A common approach taken in the face of multiple uncertainties are robust, low-regret adaptation strategies (Hallegatte, 2009; Wilby and Dessai, 2010) . In the sense of such robust adaptation we consider the following components particularly relevant in the Andes context: (i) reducing multiple stressors and increasing efficiency of climate sensitive processes and structures; (ii) strengthening participatory approaches and reducing social inequalities; (iii) strengthening the science-policy and institutional interfaces. In the following we discuss these three components.
Ancillary stress factors affect the adaptive capacity of the population. Local inhabitants which at the same time are confronted by multiple stressors such as poverty, land scarcity, weather extremes, or poor water quality, all requiring expenditure of financial, human or social capital, are more likely to be vulnerable to the negative impacts of climate change (Valdivia et al., 2010; Sietz et al., 2012; McDowell and Hess, 2012) . This increased vulnerability is not necessarily a function of increased exposure to the negative effects of climate change and glacier retreat, but rather a reflection of the limited infrastructure and lack of access to financial and technological resources that would allow them to adapt. For instance, many local communities relying on glacier meltwater in the Andes are using inefficient or deficient water channel and irrigation structures, implying very substantial water losses. Increasing their efficiency and more generally removing ancillary stressors can provide some immediate short-term benefits, which is important from an adaptation perspective as it increases the local acceptance of the project. It can also help in quantifying the benefits of adaptation vs. non-adaptation, which is otherwise often difficult since adaptation tends to emphasize longer-term rather than short-term benefits.
Empirical research in the Andes region suggests that participatory approaches that value and incorporate perceptions of local communities are fundamentally important if adaptation is to be successful, culturally acceptable and sustainable over longer periods of time (Salzmann et al., 2009; Valdivia et al., 2010; Lasage et al., 2015) . These types of approaches focusing on local vulnerability are often referred to as 'bottom-up' as opposed to scenario-driven 'top-down' approaches (Buytaert et al., 2014; Huggel et al., 2015) . In this framework views shaped by the local political, social and cultural context are integrated in any adaptation measure to improve people's livelihood and increase their resilience toward climate change impacts. This approach may facilitate better acceptance of adaptation measures, as it allows incorporating and taking advantage of already existing local knowledge on climate adaptation. Nonetheless, while top-down approaches have been criticized, Huggel et al. (2015) point out that some sort of a blended approach that considers both top-down and bottom-up aspects may work best, as it allows integrating results from scientific assessments in the adaptation process.
An important direction for future work is to augment households' livelihood options so they can chose between different adaptation strategies in the face of short-and long-term glacier runoff variability and glacier hazards. For example, in places like Peru's Chavimochic project in the La Libertad coastal region, the irrigation water for a halfbillion-dollar export-agriculture industry, potable drinking water for nearly 800,000 residents of Trujillo, jobs for > 60,000 people, and energy for some inhabitants generated by a small Chavimochic hydroelectric station all hinge on the availability of Santa River water (Bury et al., 2013; Carey et al., 2014; Drenkhan et al., 2015) . This kind of single-option resource for industries, energy production, water supplies, and livelihoods must be addressed and replaced by multi-purpose strategies that can provide a more robust form of adaptation. In some cases, regulating glacial lakes can generate co-benefits in terms of disaster risk reduction, water resource management and energy production (Haeberli et al., 2016) , but the legal, social, cultural and political constraints for implementation are considerable.
Adaptation is typically implemented across a range of institutions and actors, ranging from scientific institutions, international cooperation, non-governmental organizations, national, provincial and local governments, and local population. The convergence of these actors' needs, interests and objectives requires developing strong interfaces between science, policy and other stakeholders. This can be a significant challenge since expectations, perceptions and perspectives among these actors often vary substantially. Adaptation is an iterative process in which framing of the problem, scientific assessment of impacts, vulnerabilities, risks and ultimately definition and implementation of adaptation strategies constantly need to be reevaluated and discussed among the all stakeholders . This requires functioning channels of communication and platforms of exchange among science, society, and policy to jointly evaluate progress or failure of a project and find a consensus among all actors. This is especially important in international projects, to ensure that the international cooperation is aligned with the national and regional needs and priorities (Vuille, 2013) . Involving local and national institutions from the outset in planning and managing of adaptation projects represent a key element for successful adaptation and will help strengthen their institutional standing (Drenkhan et al., 2015) . In the end, reducing the vulnerability and increasing the resilience toward impacts associated with climate change-induced glacier retreat requires a constant risk assessment that is informed by the natural and social sciences, but is based on a participatory approach that includes local values, traditions and perceptions.
